Background/Aims: The D553N mutation located in the C-linker of the cardiac pacemaker channel HCN4 is thought to cause sino-atrial dysfunction via a pronounced dominantnegative trafficking defect. Since HCN4 mutations usually have a minor defect in channel gating, it was our aim to further characterize the disease causing mechanism of D553N. Methods: Fluorescence microscopy, FACS, TEVC and patch-clamp recordings were performed to characterize D553N. Results: Surprisingly, we found that D553N channels reach the plasma membrane and have no apparent trafficking defect. Co-expression of D553N with HCN4 also revealed no dominant-negative effect on wild-type channels. Consistent with the normal cell surface expression of D553N, it was possible to extensively characterize D553N mutants in Xenopus oocytes and mammalian cells. D553N channels generate currents with reduced amplitude, while the kinetics of activation and deactivation are not altered. While the regulation of D553N by tyrosine kinases is normal, we observed a change in the cAMP regulation which however cannot account for the strong loss-of-function of the mutant. Conclusion: The pronounced current reduction and the regular surface expression indicate a major gating defect of the C-linker gate. We hypothesize that the D553N mutation stabilizes a previously reported salt bridge important for the gating of the channel.
Molecular biology
QuikChange Site-Directed Mutagenesis Kit (Stratagene) was used to introduce mutations into human HCN4 cDNA. The constructs for oocyte expression were subcloned into pBF1 vector and cRNA was prepared with mMessage mMachine SP6 Kit (Ambion) after linearization with AdeI (Fermentas).
Expression of HCN channels in Xenopus oocytes
Xenopus oocytes were prepared as previously described [14] . Briefly, ovarian lobes were dissected from mature Xenopus laevis anaesthetized with tricaine. Subsequently, the lobes were digested with collagenase (1 mg/ml, Worthington, type II) in OR2 solution containing (in mM): NaCl 82.5, KCl 2, MgCl 2 1, HEPES 5, (pH 7.4) for 120 minutes. Isolated oocytes were stored at 18 °C in ND96 recording solution containing (in mM): NaCl 96, KCl 2, CaCl 2 1.8, MgCl 2 1, HEPES 5, (pH 7.4) with added Na-pyruvate (275 mg/l), theophylline (90 mg/l) and gentamicin (50 mg/l). Stage IV and V oocytes were injected with 6.5 ng of HCN4 cRNA. Standard two-electrode voltage-clamp experiments were performed 2-4 days after cRNA injection at room temperature (21-22 °C) in ND66 recording solution containing (in mM): NaCl 66, KCl 32, CaCl 2 1.8, MgCl 2 1, HEPES 5, (pH 7.4). Microelectrodes were fabricated from glass pipettes filled with 3 M KCl. Tip resistance was in the range of 0.5-1.0 MΩ. TEVC recordings were performed using a TurboTEC-10CD Amplifier (npi) with a Digidata 1200 A/D-converter (Axon Instruments). For data acquisition the software pCLAMP7 (Axon Instruments) was used and data were analyzed with ClampFit10 (Molecular Devices).
Patch-clamp of HCN4 transfected COS-7 cells
Cells were grown on 35 mm dishes (NUNC) to a confluency of about 50 %. Cells in each dish were transfected with 1 µg of pEGFP-C1-HCN4 cDNA using Fugene 6 (Roche). After 24-48 hours, COS-7 cells were recorded in the whole cell configuration at room temperature (21-22 °C) . Pipettes had a tip resistance of 2.5-4.0 MΩ when filled with a solution containing (in mM): KCl 130, NaCl 10, MgCl 2 0.5, EGTA 1, and HEPES 5, (pH 7.4). Cells were bathed in a solution containing (in mM): NaCl 110, KCl 30, MgCl 2 0.5, CaCl 2 1.8 and HEPES 5, (pH 7.4). Series resistances were automatically compensated by 70 %.
Drugs
Stocks of genistein, daidzeine and isobutyl-methyl-xanthine (IBMX) were stored in DMSO and the final DMSO concentration in the bath solution did not exceed 0.1 %. All drugs used were obtained from SigmaAldrich.
Fluorescence imaging COS-7, HeLa or HL-1 cells were grown on 35 mm glass bottom Petri dishes (WillCo) to a confluency of about 50 %. COS-7 and HeLa cells were grown in DMEM medium containing 10 % fetal bovine serum (Invitrogen) and HL-1 cells were grown in Claycomb medium as previously described [18] . For the detection of HCN4 channels at the plasma membrane we introduced an extracellular HA-epitope in the S3-S4 linker, following residue R362. After 24 hours, cells were transfected with either 1 µg pEGFP-C1-HCN4 or pEGFP-C1-HCN4-HA per dish using Lipofectamine 2000 (Invitrogen). Cells were maintained at 37 °C for 6 -48 hours aerated with 5 % CO 2 . For imaging of fixed cells, HeLa cells were fixed with 4 % paraformaldehyde in PBS, washed and labelled with monoclonal anti-HA high affinity antibody (Clone 3F10, Roche). Goat antirat IgG, F(ab') 2 Texas Red (Jackson ImmunoResearch Laboratories Inc.) was used as secondary antibody. 
FACS experiments
Cells were grown in 60 mm petri dishes (NUNC) and transfected after 24 hours with 4 µg pEGFP-C1-HCN4-HA wild-type or a D553N mutant channel using Lipofectamine 2000. Cells were fixed 10 hours after transfection with 4 % paraformaldehyde, washed and labeled using monoclonal anti-HA high affinity antibody (Clone 3F10) as primary and goat anti-rat IgG F(ab') 2 -PE-Cy5 (Santa Cruz Biotechnology) as secondary antibody. Cells were then analyzed on a Calibur FACS system (BD Biosciences). EGFP and PE-Cy5 were excited with a 488 nm laser using FL1 channel and 505LP filter or using the FL3 channel and a 670LP filter, respectively. After adjusting for compensation and detection of EGFP positive cells without secondary antibody, the regions of interest were set accordingly.
Data analysis
Results are reported as mean ± S.E.M. (n = number of cells). Statistical differences were evaluated using a Student's t-test. Significance was assumed for p < 0.05, indicated by an asterisk (*). "n.s." indicates a non-significant change.
Results

Fluorescence imaging shows that HCN4 D553N mutant channels traffic to the plasma membrane
The disease causing HCN4 channel mutant D553N was reported to have a very pronounced trafficking defect when expressed in COS-7 cells [10] . In order to further characterize the disease causing mechanism of this HCN4 mutant, we performed fluorescence imaging experiments. Therefore, wild-type HCN4 channels (EGFP-HCN4) and HCN4-D553N mutant channels (EGFP-D553N) were labelled with an N-terminal EGFP tag. We used COS-7 cells, since those were also used for the initial description of D553N [10] . Transient transfection of COS-7 cells with EGFP-HCN4 led to fluorescence at the plasma membrane and in a perinuclear compartment (Fig. 1A ) which is consistent with previously described data [19] . Surprisingly, EGFP-D553N showed a similar expression pattern as wild-type channels (Fig. 1A, B) , preferentially residing in the same cellular compartments. We observed membrane expression of D553N mutant channels within 12 to 24 hours after transfection.
To gain further evidence that the D553N-mutant channels have a normal trafficking, we analyzed wild-type and D553N expression patterns in two additional cell lines. First, EGFP-HCN4 and EGFP-D553N were detected at the plasma membrane of HeLa cells (Fig. 1C, D) which are more suitable to display plasma membrane expression. Next, we tested surface expression of D553N channels in the cardiac cell line HL-1 [18] , to assess trafficking in a more physiological cell type for HCN channels. In this setting, D553N channels were also localized at the plasma membrane to a similar extent as wild-type channels (Fig. 1E, F) . The latter experiments indicate that D553N channels might also reach the plasma membrane in cardiac tissue. Thus, in contrast to the initial report [10] , D553N mutants reach the plasma membrane and have a similar cellular distribution pattern as wild-type HCN4 channels.
FACS analysis revealed no significant difference in surface expression of wild-type and D553N channels
To quantify whether wild-type and D553N HCN4 channels reach the plasma membrane with a similar efficiency, surface expression was quantified utilizing a fluorescence activated cell sorter (FACS). For these experiments, an extracellular HA-tag was introduced into the EGFP-HCN4 (EGFP-HCN4-HA) and EGFP-D553N (EGFP-D553N-HA) construct, respectively. EGFP-HCN4-HA transfected HeLa cells were fixed 12 hours after transfection and analyzed Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry by fluorescence microscopy ( Fig. 2A-D) . As previously shown [19] , the introduced HAtag did not alter the trafficking of the HCN4 channels, since the HA-tagged channels had a similar cellular distribution pattern as EGFP-tagged wild-type channels (Figs. 1C, 2A). Channels localized at the plasma membrane were identified by analyzing the fluorescence of the secondary antibody (PE-Cy5) which was targeting the primary HA-antibody (Fig. 2B) . As a prerequisite for the subsequent FACS analysis, detection of EGFP and HA of the EGFP-HCN4-HA construct revealed co-localization exclusively at the plasma membrane (Fig. 2E) . The EGFP-D553N-HA construct showed a similar amount (50.0 ± 2.3 %) of PE-Cy5 labelled cells (Fig.  2F ). Since the ratio of EGFP-to Cy5-positive cells was not significantly altered between wildtype and D553N channels, we conclude that there is no significant difference in surface expression. These data indicate that the disease causing mechanism must be different from a trafficking defect.
Functional characterization of D553N mutant channels
As we observed that D553N HCN4 channels reach the plasma membrane, we analyzed whether the mutants generate currents. Therefore, we injected Xenopus laevis oocytes with cRNA encoding for HCN4 or D553N. Oocytes injected with wild-type HCN4 cRNA gave rise to typical hyperpolarization activated inward I f -like currents (Fig. 3A, top) . In contrast to previous reports [10, 17] , D553N mutants generated a fair amount of current and current kinetics resembled those of wild-type HCN4 currents (Fig. 3A, bottom) . However, D553N mutants conducted less current than wild-type channels (Fig. 3B) . Current amplitudes were monitored for four subsequent days and the reduction in D553N currents as observed to a similar extent at any time point. Current amplitudes of both, wild-type and D553N channels, peaked the fifth day after cRNA injection. These data suggest that wild-type and D553N channels traffic similar, while D553N channels conduct less current.
HCN4 channels form functional heteromers with other HCN isoforms [20] . Therefore, we tested whether D553N subunits suppress the function of HCN subunits that are also present in the sino-atrial node tissue ( Fig. 3C-E) . In contrast to the co-transfection experiments described by Ueda et al. [10] , co-expression of a controlled and fixed ratio of D553N with HCN4 in Xenopus oocytes did not show a dominant-negative reduction of wildtype HCN4 currents (Fig. 3C) . Injection of 2.5 ng of wild-type or D553N again revealed a strong reduction of current amplitudes for the mutant (Fig. 3C) . Injection of half the amount of HCN4, mimicking a haploinsufficiency, produced currents with half of the magnitude (Fig.  3C) . These data show that the co-expression experiments were performed in a linear range. However, co-expression of 1.25 ng D553N with 1.25 ng HCN4 did not result in a reduction of HCN4 currents, compared to the 1.25 ng of wild-type alone (Fig. 3C ). These experiments demonstrate that D553N does not cause a dominant-negative suppression of HCN4 currents.
Next, we co-expressed D553N with other HCN isoforms and compared the current amplitudes to heteromeric channels containing wild-type HCN4 (Fig. 3D, E) . Co-expression of 1.25 ng of D553N with 1.25 ng of HCN1 did not alter current amplitudes of heteromeric HCN1/HCN4 channels (Fig. 3D) . In contrast, we found that co-expression of D553N with HCN2 strongly reduced current amplitudes of heteromeric HCN2/HCN4 channels (Fig. 3E) . This dominant-negative reduction of heteromeric HCN2/HCN4 currents might contribute to the phenotype of patients with a D553N mutation.
Next, we analyzed the kinetics of wild-type and D553N currents. Activation kinetics were analyzed with a bi-exponential fit at different test potentials to determine the time constants of activation (Fig. 3F ) and the corresponding relative contribution of the fast and slow components of activation (Fig. 3G) . Furthermore, we analyzed the time constants of deactivation at +20 mV (Fig. 3H ). Analysis of current-voltage relationships (G/Vs) showed that wild-type channels open with a V 1/2 of -92.2 ± 0.6 mV and D553N with a V 1/2 of -93.9 ± 0.4 mV (Fig. 3I) . In addition, the Min-P o for wild-type and D553N channels was analyzed (Fig. 3J) . None of the determined parameters differed strongly between wild-type and the D553N mutant. Thus, we exclude changes in activation and deactivation kinetics of the D553N mutant as the primary disease causing mechanism. Since the current amplitude of Cellular Physiology and Biochemistry
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HCN channels is regulated by tyrosine phosphorylation [21] , we next assessed whether the reduced current amplitude of D553N channels is caused by altered phosphorylation.
D553N mutants have a regular modulation by tyrosine kinases
HCN4 channels may undergo a tyrosine phosphorylation at the residues Y531 and Y554 [22] . The C-terminal D553N exchange is located next to two tyrosine residues of HCN4:
. The corresponding sequence of HCN2 is 475 DpYY 477 and Y476 has been Netter/Zuzarte/Schlichthörl/Klöcker/Decher: Gating Defect of D553N and Bradycardia Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry described as a tyrosine phosphorylation site [6] . Therefore, we tested whether the reduced current amplitude of the D553N mutant is caused by a loss of phosphorylation at position Y554. We studied the Y554F mutant, as the mutation directly disrupts the putative target phosphorylation site. Accordingly, if defective tyrosine phosphorylation at Y554 causes the phenotype, Y554F should have the same phenotype as the D553N mutant. In addition, we analyzed the effect of the tyrosine kinase inhibitor genistein and the inactive isoform daidzein on wild-type, D553N and Y554F expressed in oocytes ( Fig. 4A-E) . Figure 4A shows representative current traces from wild-type, D553N and Y554F under control conditions (black) and after administration of 100 µM genistein (grey). Currents of all constructs were significantly inhibited by genistein (Fig. 4B ), but not by daidzein (data not shown). Genistein significantly slowed deactivation of all constructs (Fig. 4C) , while daidzein had no effect (Fig. 4D ). Genistein caused a non-significant shift of the V 1/2 of wild-type HCN4, D553N and Y554F (Fig. 4E) , similar as daidzein (data not shown). Summarizing, there is no significant difference in the tyrosine kinase modulation of wild-type, D553N, and Y554F HCN4 channels. Similar results were observed for the tyrosine kinase inhibitor PP2 and the inactive analog PP3 (data not shown). Therefore, we exclude a defective tyrosine phosphorylation at residue Y554 as the disease causing mechanism for the D553N mutation. HCN channel activation is regulated by binding of cAMP to the CNBD. As the D553 residue is located in the C-linker, in close proximity to the CNBD, we next assessed whether D553N mutations might have an impaired regulation by cAMP.
Altered modulation of the voltage dependence by cAMP cannot account for the major current reduction of D553N
Modulation of HCN channels by cAMP is mediated by the cyclic nucleotide-binding domain (CNBD). Based on the crystal structure of the HCN2 and HCN4 C-termini [23] , the residue D553 in the C-linker of HCN4 is in close proximity to the CNBD. As the C-linker is coupling cAMP binding of the CNBD to channel activation, we tested whether a reduced coupling after cAMP binding might be the disease causing mechanism. Therefore, we studied HCN4 and D553N mutant channels under basal and elevated cAMP levels, using IBMX in whole-cell patch-clamp recordings. In contrast to the initial report of Ueda et al., we found that D553N transfected COS-7 cells gave rise to relatively large macroscopic I f -like currents (Fig. 5A, D) . D553N currents had an average amplitude of 406 ± 92 pA (n = 5) (Fig. 5D) . While Ueda et al., observed an average conductance of about 3 pA/pF for D553N, we recorded currents with 15.6 ± 5.7 pA/pF at -120 mV. HCN4 and D553N current characteristics in (Fig. 3 ) and no significant changes in activation and deactivation kinetics were observed (data not shown). Next, we measured current-voltage relationships before and after administration of 1 mM IBMX (Fig. 5B, C) . The V 1/2 of wild-type HCN4 was shifted from -103.3 ± 2.0 mV to -97.0 ± 2.1 mV (n = 4) (Fig. 5B,C) . For D553N the voltage dependence was only shifted from -104.0 ± 2.1 mV (n = 4) to -103.0 ± 2.9 mV (n = 4) (Fig. 5B, C) . Thus, in the presence of 1 mM IBMX, which generates high cAMP levels, there was a significant difference (p=0.046) between the V 1/2 of wild-type HCN4 and D533N of about 6 mV (Fig. 5C ). More strikingly, similar as in our oocyte recordings (Fig. 3A, B) , currents elicited by D553N mutants were strongly reduced compared to wild-type channels. The average current reduction by D553N, analyzed at -130 mV, was 75.2 % (Fig. 5D) . Summarizing, the relatively minor change by an altered cAMP response of D553N cannot account for the strong current reduction which we have observed in our TEVC and patch-clamp recordings. As the current reduction of D553N is not caused by altered trafficking there must be a pronounced gating defect of D553N channels which is independent from the cAMP modulation.
Mechanism of the loss-of-function on a single channel level?
To probe the expected loss-of-function in channel gating, we performed single channel recordings in the cell-attached mode, using previously described recording conditions [24, 25] . For these experiments, CHO cells were transiently transfected with wild-type or D553N channels. Unfortunately and despite major efforts, we were not able to record wildtype HCN4 single channels, even from cells which show clear macroscopic HCN4 whole cell currents. However, the literature on HCN4 single channel data is very conflicting [26] and only one group was so far able to record single HCN channels from transfected mammalian cell lines [24, 25] . While the single channel amplitude of HCN channels recorded from this group was around 17 pS [24, 25] , HCN channels in sino-atrial tissue recorded by DiFrancesco et al., were about 1 pS [27, 28] . Thus, we and others failed to record the small typical HCN single channels described in native tissue. 
Summarizing, in contrast to the initial description of the D553N mutation, we found that the mutant does not cause a dominant-negative HCN4 trafficking defect. Our data support the role of the C-linker for HCN channel gating and that the loss-of-function in D553N mutants is presumably caused by channels with impaired function located at the surface membrane.
Discussion
Several HCN4 channel mutations have been associated with sino-atrial dysfunction [3, 11, 12, 29, 30] . All of these mutations cause a loss of channel function and most of the mutations are located in the C-terminus of HCN4 [3, [10] [11] [12] . The C-terminal HCN4 mutations S672R, 573X and 695X show a mild loss-of-function based on a defective cAMP modulation or an altered voltage dependence of activation [3, 11, 12] . In contrast, D553N was reported to result in a mis-trafficking of the channel [10] , which acts in a dominant-negative manner leading to an almost complete loss of HCN4 channel function in heterozygous patients. The D553N mutation is located in the C-linker, connecting the S6 segment of the HCN4 channel with the CNBD. The C-linker is important for HCN and hERG channel gating [14-16, 23, 31] . In addition, the C-linker is thought to transduce cAMP binding to channel activation [15] .
The observation that the D553N mutation in the C-linker of HCN4 is the only assumed trafficking-deficient and dominant-negative HCN4 mutation prompted us to further study the disease causing mechanism of this amino acid exchange [23] . In contrast to the initial report [10] , we found that D553N channels reach the plasma membrane and do not act in a dominant-negative manner on wild-type HCN4. Our fluorescence microscopy data show that the cellular expression pattern and surface expression of the mutant was in fact not altered. The results from a subsequent FACS analysis support these findings. An open question is why D553N was initially reported to be trafficking defect and dominant-negative. Possible explanations are (a) Ueda et al. introduced the human D553N mutation into a rabbit HCN4 clone and not into the human orthologue and (b) the constructs were imaged and patchclamped with a C-terminal EGFP tag. Since the C-terminal region of ion channels mostly contain cellular trafficking motifs, the EGFP tag might have interfered with the regular HCN4 trafficking [19] . Unfortunately, in another study showing the non-functionality of D553N channels the position of the introduced DsRed tag was not provided [17] .
To assess whether the D553N mutation destroys a putative tyrosine kinase site at position Y554, we analyzed the Y554F mutation and tested tyrosine kinase inhibitors on D553N channels. Our data indicate that D553N does not change the sensitivity of HCN4 channels to phosphorylation by tyrosine kinases. In contrast, Lin et al. recently showed that one can record an I f -like current in D553N transfected cells only after treatment with constitutively active isoforms of Src or Yes tyrosine kinases and interpreted these findings as a rescue of D553N channels [17] . However, HEK293 cells have been reported to express HCN2 and HCN3 channels endogenously [32] . Lin et al. did not test whether the kinases can induce I f -like currents in untransfected HEK293 cells. In addition, we were able to record D553N mutants also in the absence of tyrosine kinase activation. Our observation that D553N channels are not trafficking defect are also in line with the findings of Arinsburg et al. who showed that neither constitutively active, nor constitutively inactive isoforms of Src tyrosine kinases alter the current density of HCN4 channels [33] .
Our data provide strong evidence that the disease causing mechanism of the D553N mutation is not mediated by a trafficking defect. This is supported by our patch-clamp and TEVC recordings which show that D553N channels are, unlike previously reported [10, 17] , reaching the plasma membrane with a similar efficiency as wild-type channels. However, despite the normal current kinetics, the amplitudes of D553N currents were significantly reduced. We found that the mutation in the C-linker results in an altered sensitivity to raised cAMP levels. However, the V 1/2 values of D553N and wild-type channels under high cAMP levels (1 mM IBMX) are only different by 6 mV. Accordingly, these minor effects cannot account for the strong current reduction observed for D553N. We therefore expect an additional gating defect, independent from cAMP modulation, to contribute to the disease causing mechanism which is mediated by a dysfunction of the C-linker.
In this context it is important to note, that the crystal structure of the HCN4 C-terminus [34] reveals that D553 is in close proximity to the CNBD of a neighbouring subunit (Fig. 6A,  B) . Disruption of an intersubunit salt bridge in this area leads to an impaired HCN and CNG channel gating [16] . This functionally relevant salt bridge is also present in HCN4 channels [34] and is located in close proximity to D553 (Fig. 6B) . The residue R550 which forms the salt bridge with two negatively charged residues in the D´ helix and the CNBD (Fig. 6B ) of a neighbouring subunit, is separated from D553 by only one helix turn on the B´ helix (Fig. 6B ). D553 and R550 are close enough for an electrostatic interaction (Fig. 6B, C) . Thus, aspartate 553 might shield some of the positive charge of R550, as they can rotate and interact with each other (Fig. 6C) . The neutralization of the negative charge at position 553 by the D553N exchange in turn might stabilize the intersubunit salt bridge described by Craven et al. [16] . (A) showing the intersubunit interaction of the B´ strand (grey) to a D´ strand (blue) of a neighbouring subunit, which reflects the "elbow" (B´) on a "shoulder" (C´ and D´) principle previously described [23] . A salt bridge between the R550 of the B´ helix to E579 of the D´ helix and D620 of the β-sheet of the CNBD stabilizes the closed state. In HCN2 channels this triad of amino acids (E502, D542, K472) was described as a prerequisite for a proper gating of the channel [15, 16] . The figures illustrate that D553 in HCN4 might interfere with this triad of amino acids. The salt bridge might be "weakened" by D553N located next to R550 (see dotted line for a putative electrostatic interaction). (C), Illustration that R550 and D553 can interact with each other as they are located only one helical turn apart. This electrostatic interaction of D553 with R550 might shield the R550 from interacting with the negative charges of the neighbouring subunit. (D), Accordingly, neutralization of the negative charge of D553 might stabilize the triad salt bridge and thus stabilize the closed state.
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Thus, it is conceivable that the D553N mutation stabilizes interaction of the C-linker with the CNBD of the HCN4 channel resulting in a more stable configuration that might impair channel gating (Fig. 6D ). For example, this stabilization might restrict the movement of the C-linker, thereby possibly affecting the coupling from C-linker movement to the gate of the channel. In HCN2 channels disruption of this particular triad salt-bridge leads to a loss of cAMP response [16] , which is in good agreement with our finding that the D553N mutation might also have an altered cAMP sensitivity. Structurally, HCN2 and HCN4 both have the above mentioned intersubunit salt-bridge which might be also important for the function of heteromeric channels. In fact, our coexpression experiments revealed that D553N HCN4 channels suppress the function of heteromeric channels with HCN2. Why the D553N mutation only acts as a "poisonous pill" in complexes with HCN2 but not HCN4 remains an open question which we would like to address in future studies analyzing the mechanism of heteromerization of HCN channel subunits. However, from our recordings, we can already conclude that the patients with D553N might also suffer from a loss of heteromeric HCN2/HCN4 channel function.
We found that sino-atrial arrhythmias in patients carrying the D553N mutation are not caused by a dominant-negative trafficking defect. The mutation D553N is located in the C-linker of HCN4 channels. Structural changes in the C-linker can lead to impaired coupling of S6-movements to the pore, thereby changing the gating of hERG and HCN channels [14-16, 31, 35, 36] . Our data support the role of the C-linker for HCN channel gating and that the loss-of-function in D553N mutants is primarily caused by a gating defect.
